In this work, we demonstrate the fine structural tuning of metal-metal oxide heterostructure with regards to the individual tuning of the various core and shell components from shell thickness to metal core constitution. Furthermore, we deliberately engineered spatially confined and clustered Au nanoparticles in the core of a porous shell structure without the assistance of template or linker. Our findings unambiguously highlight that whilst it is important to incorporate metal nanoparticles into metal oxide for higher photocatalytic performance through enhanced light absorption and charge separation, the "whereabout" and clustering of Au nanoparticles affect the photocatalytic performance. Furthermore, we also prove the enhanced and prolonged catalytic activity of spatially confined metal cores over conventional surface loaded metal particles, which originates from the structural stability and optimized contact interface for heterojunction-induced charge transfer. The present well-controlled synthetic route can offer a facile and valuable way to tune and probe specific structure in relation to nanoscale light-matter manipulation and solar-to-chemical energy conversion studies.
Introduction
The development of photocatalysts with porous morphologies mainly aims to increase the specific surface area and decrease the migration distance of charge carrier, while innovation in the hetero-interfacing of photocatalyst with metal nanoparticles aims to enhance light absorption, charge separation and transfer efficiencies. The combination of these strategies can provide a powerful approach to rationally design novel material that boost light energy conversion systems such as solar cell, photoelectrochemical, photocatalysis for water splitting and environmental remediation.
In the context of hetero-interfacing, various metals with metal oxide systems have been developed. [1] [2] [3] [4] [5] In several cases, the metal particles are simply loaded onto the surfaces of the semiconductors as isolated island to produce limited heterointerfaces, while more uncommonly reported is a spatial confinement of metal nanoparticle within metal oxide matrix. The confinement of the nanoparticles as core with the metal oxide shell protects and isolates the nanoparticles from leaching and coalescence during catalytic reactions. In addition, the coreshell architecture provides strong interaction between the metal core and shell that may boost catalytic activity. Furthermore, the utilization of the spatial confinement of metal nanoparticle for photochemical studies is limited. Hence, some fundamental questions that need to be address i.e. "whereabouts" coupling of metal nanoparticles and how the "clustering" of metal nanoparticles may affect photocatalytic properties. There are various chemical synthesis methods of fabricating spatially confined metal particles in metal oxide system i.e. yolk-shell, eccentric and concentric core-shell, which include layer-by-layer deposition and sacrificial templating techniques. 6, 7 Nevertheless, it is highly challenging to design and synthesize such heterostructure because of formidable difficulties in controlling its growth kinetics to achieve specific structure. It is noted that a well-controlled synthetic route can facilitate the probing of specific structure to elucidate the influence of various structural components on photochemical properties. It is also noteworthy that most of the reported synthetic processes involve the use of additional materials as a support to form the shell or a linker between the core and shell. [8] [9] [10] [11] This is often followed by etching process to remove the supporting material and/or introduce porosity to the shell. Such multistep procedures reduce controllability in terms of metal nanoparticle core sizes and dispersivity, as well as shell porosity and crystallinity. Moreover, using additional materials to encapsulate metal nanoparticles may decrease the accessibility of the reactants to the active sites. Furthermore, calcination is generally carried out to convert TiO 2 from amorphous to crystalline phase or for the precipitation of metal nanoparticles, which will cause the detrimental effect of metal nanoparticles sintering leading to a loss in reactivity. Therefore, the design of highly controllable template or capping ligand free synthesis method to fabricate the core-shell heterostructure of appropriate porosity and structural stability is desirable. Herein, we have rationally designed a metal-metal oxide heterostructure catalyst with spatially confined metal particles, attaining porous core-shell structure. The synthesis is simple and tunable to independently control, various core and shell structure components from shell thickness to single or multi cores constitution. In addition to our synthetic effort, we have systematically evaluated the unique features afforded by the core-shell morphology based on various model systems for photocatalytic understanding. We demonstrated that the "whereabout" and clustering of Au nanoparticles matter considerably to photocatalytic performance. Furthermore, we have proven the enhanced and prolonged catalytic activity of spatially confined metal cores over conventional surface loaded metal particles, which originates from the structural stability and optimized heterojunction-induced charge transfer attributes.
Results and discussion
The schematic of Fig. 1a shows the structural tuning of the four different designs of TiO 2 nanospheres synthesized with/ without Au nanoparticles, as well as surface loaded or spatially confined Au nanoparticles. The samples were synthesized such as to study the effects of Au nanoparticles "whereabouts" and core constitution on photocatalytic properties. In the context of TiO 2 nanostructure synthesis, hydrofluoric acid (HF) has been reported as a structure directing agent to attain better morphological control. 12 However, in this work, TiF 4 precursor is used in place of HF to avoid the direct handling of hazardous acid because the hydrolysis of TiF 4 during hydrothermal reaction promotes the in situ release of HF. The introduction of TiF 4 also preferentially exposes the {001} facet of anatase TiO 2 , which based on theoretical calculations, has enhanced the reactivity because of higher concentration of low coordination Ti 5c centers. 12, 13 Fig. 1b and inset show the SEM image of TiO 2 nanospheres with a rough spherical morphology of an average diameter ∼250 nm. The TEM image (Fig. S1 †) shows that the TiO 2 nanospheres are made up of randomly shaped TiO 2 nanocrystals, which have self-assembled into a spherical shape. The sizes of the TiO 2 nanospheres can be controlled via the amount of TiF 4 added. In addition, different nanospheres sizes ranging from diameter of 200 nm to 1 μm were obtained with increasing TiF 4 (Fig. S2 †) . Next, Au on TiO 2 or surface loaded Au nanoparticles was synthesized through a physical blending process. The uniform loading of Au nanoparticles onto TiO 2 nanospheres surface can be seen from Fig. 1c and inset. On the other hand, Au@TiO 2 , or spatially confined Au nanoparticles, was prepared through the hydrothermal treatment of TiF 4 and Au nanoparticles mixture to promote the formation of coresshell structures ( Fig. 1d and e) . A series of experiments have proven that both the amounts of TiF 4 and Au nanoparticles affect the shell thickness and the multiplicity of the cores in Au@TiO 2 (the amounts of the reagents are expressed as volume ratios (%) of the stock solutions). At lower TiF 4 volume (<12%), the increase in Au nanoparticles volume ratio effectively decreases the Au@TiO 2 shell thickness (Fig. S2 †) . The average shell thicknesses ( particle sizes) are ∼115 nm (250 nm), 90 nm (200 nm), 65 nm (150 nm) and 40 nm (100 nm) with the Au nanoparticles concentrations of 5%, 10%, 20%, and 30% respectively (Fig. S2 †) . At higher TiF 4 concentrations (>12%), the increase in the Au nanoparticles induced the formation of multiple Au@TiO 2 structures (Fig. S2 †) . However, when the Au nanoparticles concentrations are too low (<10%), TiO 2 nanospheres without Au cores were observed amongst the single and multiple Au@TiO 2 . It is noted that when the TiF 4 and Au nanoparticle concentrations were very high (20% and 40% respectively), some of the nanospheres were observed to have fused, which resulted in Au nanoparticles core clustering (Fig. S2 †) . The fusing was likely because of the condensation reaction of the surface hydroxyl groups of two adjacent Au@TiO 2 nanospheres. Here, the employed hydrothermal synthesis was demonstrated to be facile and controllable such that the independent tuning of various core and shell structure components from shell thickness to single or multi cores constitution can be demonstrated.
The time-dependent morphological evolution of Au@TiO 2 was studied by taking snapshots at different reaction times. At an initial reaction stage of <15 min, TiF 4 hydrolysates and Au nanoparticles mixture were observed (Fig. S3a-b †) . After 30-45 min, TiF 4 hydrolysates were deposited on the Au nanoparticles surface without well-defined structure ( Fig. S3c-d †) .
The supersaturated system results in the formation of the individual TiO 2 nanocrystals observed in the shell structure. Because the surface of Au nanoparticle acts as preferential (heterogeneous) nucleation sites for TiO 2 , the core-shell nanostructures are preferentially formed when Au nanoparticles are present. On increasing the reaction time to 1 h, individual core-shell nanospheres were formed (Fig. S3e †) . The amount of fluoride ions released at this stage promoted the preferential growth of low-energy (101) TiO 2 facets on Au nanoparticles, which produced nanospheres with relatively sharp and tapered tips. As the TiF 4 hydrolysis continued (Fig. S3f †) , the nucleation and growth of TiO 2 species onto the tapered tips evolved into nanospheres with cropped/flattened tips. In addition to the prolong reaction time, the high concentration of F − ionterminated (004) crystal planes produced a cropped-tip morphology. 14 The morphology transformation can be attributed to its surface chemistry, in which adsorbate ions impose significant effects on the relative stability of different TiO 2 crystal planes.
A detailed chemical analysis was carried out using EDX mapping to study the elemental composition and distribution throughout the Au@TiO 2 core-shell nanospheres. The images in TiO 2 nanospheres is shown in Fig. 2f . The Gaussian distribution shown in the histogram indicates the size distribution of Au nanoparticles with size 10-50 nm. The Au cores are generally quasi-spherical particles, or more specifically are of multi-twinned polyhedrons (Fig. 2f inset) . The quasi spherical shape of the Au cores is found to be well-preserved in the assynthesized core-shell nanospheres.
The TEM image shown in Fig. 3a indicates the various locations where high resolution imaging is carried out. It is observed from Fig. 3b that a good interface and continuity exist between Au nanoparticle and TiO 2 shell. This suggests a close confinement of the Au nanoparticles within the TiO 2 matrix, thus maximizing the contact area between the interfaces. The light contrast in between the TiO 2 nanoparticles indicates the presence of porosity within the shell. The highmagnification image of the TiO 2 shell (Fig. 3c) shows the adjacent lattice spacing of 0.35 nm, attributed to the (101) lattice planes of the TiO 2 anatase. The high resolution image of Au core (Fig. 3d) shows the lattice fringes of 0.242 and 0.202 nm, which correspond to (111) and (200) of face-centered cubic metallic Au respectively. 16 The XRD spectra (Fig. 3e ) of all the nanospheres have shown to possess highly crystalline anatase phase without undergoing any post annealing treatment. The TiO 2 anatase diffraction peaks (101), (004), (200), (105), (211) and (204) shows that the Au@TiO 2 core-shell nanospheres consist of porous shell that strongly favors accessibility to active interfacial sites on Au core. Here, it is concluded that the assynthesized confined Au cores with porous TiO 2 shells offer passage for water, as well as the satisfactory isolation of nanoparticles against agglomeration. We have systematically tailored various core and shell components from shell thickness, to core multiplicity in order to evaluate their effects on photocatalytic H 2 production. Fig. 4a shows the photocatalytic H 2 production of different shell thickness with fixed 20 nm Au core. Here, an average H 2 evolution of 188 μmol h −1 g −1 is observed with the shell thicknesses of 65-140 nm ( particle sizes between 150-300 nm). However, further increase in shell thickness to 190 and 390 nm ( particle size of 400 and 800 nm) decreases the average H 2 evolution drastically to 162 and 51 μmol h −1 g −1 respectively. The decrease in photocatalytic reactivity is likely because of a decrease in the composition ratio of Au to TiO 2 as the shell thickness increases. Next, the synthesis of the core-shell structures was fixed at a shell thickness of ∼90 nm equivalent to particle size of diameter 200 nm. The absorption spectra ( Fig. 4b) show two peaks whereby the weaker visible light absorption peaks are ascribed to the localized surface plasmon resonance (LSPR) response of Au nanoparticles. The physical origin of LSPR is the coherent oscillation of the conduction band electrons induced by the interacting electromagnetic field. A significant LSPR peak red-shift of Au@TiO 2 nanospheres against pure Au nanoparticles (absorption wavelength of ∼525 nm) is observed. This clearly reflects that the Au nanoparticles are surrounded by a porous shell of interconnected nanoparticles with a high refractive index. The existence of the oxide shell can be viewed to change the effective refractive index of the medium. Furthermore, the shell thickness is shown to affect the magnitude of the shift where peak shift of ∼23, 54 and 65 nm is observed with shell thickness of 65, 115 and 190 nm, respectively. The magnitude of LSPR peaks red shift increase with shell thickness because the effective refractive index of the medium approaches the refractive index of the shell material. However, when the TiO 2 shell thickness increases to 390 nm, the light scattering becomes significant such that the weakening and complete masking of the LSPR peak is evident. 17 Next, the effect of core content on light absorption and photocatalytic H 2 generation is studied. The pure TiO 2 , single and multiple core samples were measured using UV-Vis spectroscopy at room temperature (Fig. 4c) . The pure TiO 2 sample shows an absorption peak solely in UV region because of its wide band gap. In contrast, the single and multiple core nanospheres display both UV and visible light absorption because of the presence of Au nanoparticles. In comparison, the multiple core samples exhibit a more intense and broader light absorption than the single core, both in UV and visible range. The increase in the intensity and broadness of the multiple core plasmon peak with respect to single core nanospheres may be associated to an increase in the Au core content and also an increase in the inter-particle electromagnetic coupling because of the confinement of the individual Au particles in close proximity. 18 The UV-Vis absorption findings complement the photocatalytic performance because the rates of H 2 production increase with the pure TiO 2 , single and multiple core nanospheres, corresponding to 13, 199 and 241 μmol h
respectively (Fig. 4d) . The pure TiO 2 nanospheres without Au core show approximately 15 times less H 2 evolution than the TiO 2 with spatially confined Au cores. This demonstrates the profound effect of the Au core on the photocatalytic activity.
Here, the enhancement of the photocatalytic reactivity essentially arises from the unique electronic and optical interactions between the metallic cores and semiconducting shells over a length scale of a few tens of nanometer. Furthermore, it is observed that the modification of the core multiplicity by increasing the Au nanoparticles cores improves the photocatalytic properties. In essence, the probability of charge transfer and reduction of H + at the interface, as well as the photogenerated charge carriers that participate in photocatalytic reactions is increased. Finally, the effect of 'whereabout' of the Au nanoparticles, whether loaded on the surface or spatially confined within TiO 2 matrix, is investigated. From the UV-Vis spectra (Fig. 4c) , the LSPR peak of Au loaded on TiO 2 surface is observed with a smaller shift against the pure Au spectrum. This is because of the fact that the Au nanoparticles are not embedded in the TiO 2 shell. Hence, the refractive index of the surrounding Au medium does not change significantly. In addition, the intensity of the LSPR peak is weaker, which may suggest a weaker interaction between the TiO 2 shell layer and the Au nanoparticles. Despite the greater exposure of the Au nanoparticles to water for the Au on TiO 2 system, H 2 production was still higher for the Au@TiO 2 case. This strongly suggests that the surface contact area with water is not the only factor that determines the H 2 production rate. As discussed later, electron trapping also plays a dominant role in the H 2 generation. In the case of the Au@TiO 2 , the direct nucleation of TiO 2 on the Au core results in a better interface between Au nanoparticles and TiO 2 shell, while the geometric configuration allows optimal area for electronic interaction and also prevents the Au nanoparticles from dislodging. As a result, the rate of H 2 production of the surface loaded Au nanoparticles yields 65 μmol h −1 g −1 H 2 , which is 3-4 times less than the spatially confined Au nanoparticles. These findings highlight that while it is important to incorporate Au metal to TiO 2 for higher photocatalytic performance through enhanced light absorption and charge transfer, the "whereabout" of the Au nanoparticles affects the photocatalytic properties. In order to understand the carrier dynamics in metal nanoparticle and metal oxide system, time-resolved absorption was measured. The charge transfer between TiO 2 and Au nanoparticle was probed by monitoring the transient absorption decay at 680 nm following 350 nm laser pulse excitation of the Au@TiO 2 nanospheres as shown in Fig. 5a . The band gap excitation of TiO 2 using UV-laser pulse results in charge separation followed by charge recombination and charge-trapping processes. The decay of the transmittance in the picosecond time scale represents the fraction of the electrons that are lost in the recombination process. 19 The transmission-time profiles indicate a faster decay in Au@TiO 2 nanospheres compares with pure TiO 2 system. Therefore, it is obvious that the radiative charge recombination in TiO 2 is substantially suppressed by Au@TiO 2 nanospheres. This quenching phenomenon has been attributed to the effective trapping of photogenerated electron by Au nanoparticles. Furthermore, study on the effect of charge transfer on the photocatalytic hydrogen production performance of the four different designs of TiO 2 nanospheres synthesized with/without Au nanoparticles, as well as surface loaded or spatially confined Au nanoparticles was carried out using photoelectrochemical (PEC) measurements. Fig. 5b shows the photocurrent of pure TiO 2 nanospheres (∼4.25 μA) of almost five times higher than all the TiO 2 with Au nanoparticles systems. The PEC set-up measures the photocurrent by collecting the photogenerated electrons through the photoanode. Upon UV light radiation, a fraction of the photogenerated electrons are transferred to the Au nanoparticles instead of transporting entirely to the transparent electrode and then through the external circuit, thus a lower photocurrent is obtained. Fig. 5c shows the magnified PEC plots of Fig. 5b at the indicated area. The single core Au@TiO 2 system shows a higher photocurrent (∼0.57 μA) compares to Au on TiO 2 (∼0.34 μA) and multiple core Au multi @TiO 2 (∼0.085 μA) system. In regard to the spatially confined Au nanoparticles within TiO 2 shell matrix, the photogenerated electrons are trapped within the Au nanoparticles such that the charge trapping probability increases with the Au nanoparticles content. Hence, the multiple cores Au multi @TiO 2 has lower photogenerated electrons reaching the cathode than the single core Au@TiO 2 . In the case of multiple Au nanoparticles that are loaded on TiO 2 nanospheres, a higher photocurrent is measured as compared to multiple cores Au multi @TiO 2 because electrons trapped in Au nanoparticles, which are loaded on the surface of the TiO 2 nanospheres may be transferred to the transparent electrode, thus contribute to the photocurrent. Moreover, the contact area of the multiple Au nanoparticles confined within TiO 2 matrices (Au multi @TiO 2 ) is higher than that of the Au nanoparticles on TiO 2 , hence leading to more charge trapping. From the PEC results, the Au@TiO 2 nanospheres are shown to exhibit superior charge trapping capability, which translates to the inhibition of charge recombination, hence resulted in higher photocatalytic performances.
The band position and band bending of TiO 2 were obtained by UPS (Fig. 5d) . In the UPS measurement, binding energy was set as 0 at the Fermi level (Fermi onset: 21.75 eV). The work function of TiO 2 was calculated to be 4.35 eV by using φ w = hν − BE cut-off where hν is the corrected kinetic energy (21.75 eV). Based on the information of the band position and band bending obtained, band diagram was drawn to explain this charge trapping effect of the Au nanoparticles (Fig. 6 ). Au has a higher work function than the TiO 2 semiconductor. In this case, the work function of Au nanoparticles is estimated to be 5.6 eV. 20 When TiO 2 and Au nanoparticles come in contact, the Fermi levels of the Au nanoparticles and TiO 2 align, causing the band bending of TiO 2 and the formation of Schottky barrier. In the presence of UV-Visible irradiation (Fig. 6) , the excited electrons in TiO 2 move from the valence band into the conduction band of TiO 2 . These electrons in the conduction band of the TiO 2 are available to perform water reduction, which generates hydrogen. However, electrons in the conduction band of TiO 2 can also recombine with the holes in the valence band thus limiting hydrogen production.
In the presence of the Au nanoparticles where Fermi level is located at an energy just below the conduction band of TiO 2 , the electron in the TiO 2 conduction band can be effectively transferred to the Au nanoparticles. 21 At the semiconductorwater interface, the energy bands of an n-type semiconductor are bent upwards, the corresponding electrical field across the space charge layer drives holes in the valence band of TiO 2 to the surface where the oxidation of sacrificial reagent occurs. Hence, the respective electric fields at both the interfaces enhance the separation of electron-hole pairs, thus reducing the recombination of photogenerated charges. Since the Au@TiO 2 nanospheres are porous, good accessibility of water to Au interface allow hydrogen to be generated. The photocatalytic stability of three samples of Au on TiO 2 and Au@TiO 2 (single and multiple) core-shell nanospheres were tested through three cycles of two hours sacrificial water splitting experiment. The Au on TiO 2 shows a decrease of 33% in H 2 evolution, whereas the Au@TiO 2 single and multiple core-shell nanospheres exhibit ±5% variation in H 2 evolution (Fig. 7a) . Moreover, it is noted that when UV, as well as both UV-visible light are irradiated onto the Au multi @TiO 2 and TiO 2 samples, no increase in the rate of hydrogen production is observed (Fig. S4 †) . The as-prepared Au@TiO 2 core-shell nanospheres are evidently more stable photocatalyst than Au on TiO 2 . In order to investigate the origin of prolonged catalytic activity of the spatially confined metal cores nanospheres as opposed to conventional surface loaded metal particles, The XPS characterization is carried out on the samples after the photocatalytic cycling experiments (Fig. 7b) . The Ti2p spectra reveal two peaks, Ti2p 1/2 and Ti2p 3/2 with an energy splitting of 5.7 eV. This confirms the existence of titanium as Ti 4+ .
The Ti2p 3/2 binding energies of Au on TiO 2 and Au@TiO 2 (both single and multiple cores) are at 458.3 and 458.6 eV, respectively. The approximate 0.3 eV shift can be attributed to the transfer of TiO 2 conduction band electron to Au nanoparticles resulting in a decrease in the outer electron cloud density of the Ti ions. 16 This implies a stronger interaction between TiO 2 and Au nanoparticles when they are spatially confined with a core-shell structure. 16, 22, 23 The Ti2p 3/2 peaks at 458.3-458.6 eV correspond to titanium in the anatase phase, which agrees well with the XRD and TEM structural analyses.
The O 1s spectrum of Au on TiO 2 exhibits two peaks at 529.3 and 533.0 eV. The main peak at 529.3 eV is attributed to the oxygen bound to the tetravalent Ti ions, while the shoulder peak is attributed to the adsorbed hydroxyl groups (Ti-OH), defective oxides and/or adsorbed water. It is observed that O1s spectra of Au@TiO 2 (both single and multiple cores) also exhibit a positive shift (approximately 0.6 eV) relative to the Au on TiO 2 . Similarly, it has been reported that an increase in binding energies for both Ti2p and O1s can be attributed to strong interaction between Au and TiO 2 . 21 Such strong electronic interaction is beneficial to photocatalysis because it is expected to facilitate charge transfer-separation at the inter- face. Hence, the sacrificial water splitting of spatially confined Au cores is shown to yield higher H 2 compared to the surface loaded Au nanoparticles. From the Au 4f spectra, it is noted that Au peaks are not detected for both the single and multiple cores Au@TiO 2 samples because the Au nanoparticles are confined within the shell thickness of ∼90 nm. This also verifies the homogeneity of Au nanoparticles embedded in TiO 2 matrix. In contrast, Au signal is detected on the Au on TiO 2 sample, where the binding energy of spin-orbit split Au4f 7/2 is 82.9 eV and Au 4f 5/2 is 86.6 eV, separated by 3.7 eV. This indicates that the Au nanoparticles are present in metallic state on the surface of TiO 2 nanospheres. Hence, it can be inferred that the instability of the catalytic activity of the conventional surface loaded Au nanoparticles is not because of the oxidation of metal particles, but more likely because of the dislodging/leaching of Au nanoparticles, which are loosely attached to the TiO 2 surface. In this regard, it is worth pointing out that the confinement of the Au nanoparticles within TiO 2 matrix not only boosts the charge transfer because of the strong electronic interaction between the core and shell, but also to alleviate Au nanoparticles against leaching. Therefore, another compelling reason to spatially confine the metal nanoparticles with core-shell structure is to ensure prolonged and stable photocatalytic activity.
Conclusions
We demonstrated a facile aqueous method of confining metal nanoparticles within shell matrix via in situ encapsulation without the use of template or multiple/post processes. The synthesis route is highly controllable such that the fine structural tuning of core and shell components can offer various model systems for photocatalytic studies. Moreover, we have proven that Au nanoparticles when introduced as cores rather than on the surface, as well as in abundance can dramatically influence the overall photocatalytic performance. We have also demonstrated the effectiveness of multiple Au nanoparticles embedded as core functions as charge accumulator to reduce the recombination of electron-hole pairs. The rational design of novel catalyst has fulfilled various functions, including enhanced light absorption, improved electron-hole separation, accessible redox reactions and stable/prolonged catalytic activity. This work is of fundamental relevance to the design of stable and efficient photocatalysts for sustainable energy and environmental applications.
Experimental section

Synthesis of TiO 2 nanospheres
The different amounts of 0.04 M TiF4 stock solutions ranging from 3 mL to 18 mL were diluted to 100 mL with deionized water and stirred for 10 min. The solutions were transferred to Teflon-lined stainless steel autoclaves and heated in a binder oven at 180°C for 3 h. After that, the products were cooled to room temperature and separated by centrifuge at 4000 rpm for 5 min, then washed with distilled water. The cycles of separation and washing were repeated three times to remove the remaining ions. The final samples were dried in a 90°C oven and collected for further use.
Synthesis of Au nanoparticles
4 mL of 0.01 M sodium citrate solution was added to 12 mL of 0.01 M HAuCl 4 solution. The mixture was stirred vigorously for 5 min. Then, 3 mL of 0.01 M ascorbic acid was added dropwise to the mixture while stirring. The mixture turned to orchid colour and then rapidly to wine red colour, which indicated gold nanoparticles had been formed.
Synthesis of Au@TiO 2 core-shell
The as-prepared gold nanoparticle solution was stirred continuously for another 10 min. Then, different amounts of 0.04 M TiF 4 stock solutions, ranging from 3 mL to 18 mL were added to the Au nanoparticle solution. The mixture was subsequently diluted to 100 mL with deionized water and transferred to Teflon-lined stainless steel autoclaves. The condition of the hydrothermal reaction and washing process is the same as mentioned above for the synthesis of TiO 2 nanospheres. The yield of Au-TiO 2 heterostructures was calculated to be 82.3% after growth and washing.
Synthesis of Au on TiO 2 structure
The as-prepared Au nanoparticles solution was added into 20 mg of as-prepared TiO 2 nanospheres. The mixture solution was stirred for 12 h. The sample was rinsed with DI water and then centrifuged. The final samples were dried in a 90°C oven and collected for further use.
Materials characterization
The scanning electron microscopy (SEM) characterization was carried out using a JEOL FEG JSM 6700F field-emission operating at 15 kV. X-ray photoelectron spectroscopy (XPS), VG ESCALAB 220I-XL system equipped with an Mg Kα X-ray source was employed chemical for composition studies. The crystalline structures were analyzed using transmission electron microscopy (TEM, Phillips FEG CM300) operated at 200 kV and X-ray diffraction (XRD, Philips X-ray diffractometer equipped with graphite-monochromated Cu Kα radiation at λ = 1.541 Å). Absorption spectra were obtained using a Shimadzu UV-3600 UV-vis spectrophotometer. BrunauerEmmett-Teller (BET) measurements were conducted using Quantachrome Nova 1200 with N 2 as the adsorbate at liquid nitrogen temperature. Photoelectrochemical (PEC) samples were prepared on fluorine doped tin oxide (FTO) substrates (QZ hybrid supplies, <10 Ω per sq) using a doctor blade method. Slurries were prepared from the various nanostructure powders and deionised water, which were then applied on the surface of the FTO glass using a glass rod. The coated FTO glass substrates were dried at 70°C on a hot plate. The PEC measurements were carried out with a potentiostat in a 2 electrode configuration, using the photoanode prepared on FTO and a Pt counter electrode with 0 V bias in 0.1 M Na 2 SO 4 electrolyte. The ultraviolet photoelectron spectroscopy (UPS) was performed with a He I (21.21 eV) radiation (VG Scientific ESCA Lab Mark 2). The binding energy of all spectra was calibrated using a gold (Au) metal, at which the Fermi onset is located at kinetic energy of 21.75 eV. The H 2 evolution measurements were carried out using 30 mg of photocatalyst and 10 mL DI water (10% methanol) contained in a quartz vial and illuminated with a 300 W Xe lamp (Excelitas, PE300BFM). The wavelength range and light intensity of the Xe lamp is 300-1100 nm and 100 mW cm −2 , respectively. The reaction mixture was purged with Ar gas for 15 min prior to measurements. The reaction mixture was syringe drawn (100 μl) to sample the gas composition using gas chromatographer (Shimadzu, GC-2014AT).
